Our view of the interstellar medium of the Milky Way and the universe beyond is affected by the structure of the local environment in the Solar neighborhood. Here, we present the discovery of a thirty-degree long arc of ultraviolet emission with a thickness of only a few arcminutes: the Ursa Major Arc. It consists of several arclets seen in the near-and far-ultraviolet bands of the GALEX satellite. A two-degree section of the arc was first detected in the Hα optical spectral line in 1997; additional sections were seen in the optical by the team of amateur astronomers included in this work. This direction of the sky is known for very low hydrogen column density and dust extinction; many deep fields for extra-galactic and cosmological investigations lie in this direction. Diffuse ultraviolet and optical interstellar emission are often attributed to scattering of light by interstellar dust. The lack of correlation between the Ursa Major Arc and thermal dust emission observed with the Planck satellite, however, suggests that other emission mechanisms must be at play. We discuss the origin of the Ursa Major Arc as the result of an interstellar shock in the Solar neighborhood.
Introduction
New observations of the diffuse interstellar medium (ISM) in 21-cm emission, dust emission and polarization, and low radio frequency polarized emission, have awakened new interest in linear structures in the ISM that may affect our view of the Solar neighborhood (Clark et al. 2015; Jelić et al. 2015; Planck Collaboration Int. XXXII 2016) . The study of the structure of the local and diffuse ISM is important as it provides a foreground that must be accounted for in studying our Milky Way and the universe beyond.
In 2001 P. McCullough & R.A. Benjamin presented the discovery of an unusually straight and narrow ionized 2
• .5-long filament detected in Hα (656 nm, hereafter the MB filament) -with a surface brightness of ∼0.5 R -in the direction of Ursa Major (McCullough & Benjamin 2001, hereafter MB01) , whose origin is yet to be established. They considered four options for the origin of this structure: (1) a low-density jet, (2) an unusually straight nebular filament, (3) shock ionization by a compact source, e.g. a neutron star, and (4) a trail of ionized gas left by a low-luminosity ionizing source. Although they favored the final "Fossil Stromgren Trail" (FST) option, no plausible ionizing source was ever identified.
In this letter we present the outstanding discovery of a longer portion of the MB filament seen both in the ultraviolet and in Hα extending over thirty degrees on the sky. We discuss its origin in terms of interstellar shocks in the ISM.
Description of the Ursa Major (UMa) Arc
We investigated the MB filament in several wavebands using the Aladin sky-viewer (Boch & Fernique 2014) and discovered that the MB filament is also visible both in the Far Ultraviolet (FUV; and in the Near Ultraviolet (NUV; 170-280 nm) bands of the Galaxy Evolution Explorer (GALEX) All-Sky Imaging Survey (AIS) (Bianchi 2009 ). The Ultraviolet imaging, which covers a much wider area of the sky than the original Hα observations, demonstrates that the MB filament is a piece of a much larger arc-like structure. A GALEX FUV image displaying a large fraction of the Ursa Major Arc (UMa Arc) is shown in Fig. 1 along with zoom-in views of selected sections in Hα and the GALEX NUV band. The structure consists of several piecewise-continuous arclets, occasionally multiple. Most of the arclets we found lie along a curved path from Galactic coordi-
• .5). If the structure were due to a linear trail, the option favored by MB01, it would project onto a great circle on the sky. We found that no single great circle can fit the arc we observed. In addition, a search of GALEX images of nearby white dwarfs and hot subdwarfs with parallaxes and proper motions measured by the Gaia satellite (Geier et al. 2019) shows no structures in the FUV similar to the original MB filament. For these two reasons, the FST hypothesis appears to be ruled out.
We have found instead that most of the arclets lie along onesixth (1 radian) of a circle centered on (l, b) = (107
• .7, 60
• .0) with angular radius Θ R = 29
• .28 ± 0 A&A proofs: manuscript no. aanda (Mittelman et al. 2019) . The bright NUV feature below A.2 is an artifact in the GALEX data. Intensity scaling in all diagrams is arbitrary. In general, brighter colours correspond to more intense regions in the FUV and NUV maps, while darker colours correspond to more intense Hα. We label the three sections of this feature as A.1, A.2, and A.3 interrupted by gaps in the GALEX coverage. The two additional insets in the FUV maps along A.3 have an adapted color scale to optimize the visualization of the arcs. Fig. 1 . If one three-degree long arclet, centered at (l, b) = (131
A in
• ,+33
• .7) (the lowest arclet in A.3a in Fig. 1 ), is not considered, the standard deviation drops to σ Θ = 0
• .18 or 0.6% of the angular radius. The individual arclets are even thinner, ranging from 0.3 to a few arcminutes. An extrapolation of this arc -the UMa Circle -encircles a total area of 2681 square degrees (0.25π steradians), 6.5% of the total sky and 27% of the sky above Galactic latitude b = 32
• . The angular size of this full region is comparable to the largest angular size radio-continuum loops discovered in the 1960s (Quigley & Haslam 1965) . What distinguishes the UMa Arc compared to these other structures is (1) the thickness-to-radius ratio, (2) the nearly perfect circular fit over thirty degrees of arc, and (3) the high Galactic latitude of the center. claimed loops, shells, and arcs based on radio continuum observations (Radio Loop III) (Quigley & Haslam 1965) , studies of dust emission (North Celestial Loop/GS135+29+4) (Meyerdierks et al. 1991) , and 21-cm observations (Intermediate Velocity Arch/GS155+38-58 (Kuntz & Danly 1996) plus additional Heiles shells (Heiles 1984) ). None of these shellswhich are far less well delineated than the UMa Arc -are clearly aligned with the arc we observe. We also investigated the Effelsberg-Bonn HI Survey (EBHIS) (Winkel et al. 2016 ) and found no evidence for a 21-cm counterpart to the Hα, or ultraviolet, emission. For visualization purposes we also present the UMa Arc and Circle in Fig. C .2.
The region within the UMa Circle is well known for having the lowest column densities of neutral hydrogen in the sky, including the "Lockman Hole" (Lockman et al. 1986 ), which lies 5
• .4 interior to the arc. This low column density region is part of a vertically extended, tilted low-density cavity identified as the "Local Chimney" (Welsh et al. 1999) . The low column density and the large angular size of the UMa Circle also make it a potentially important foreground for extra-galactic and cosmological studies, requiring a thorough characterization of the interstellar emission interior and exterior to the arc. Locating the UMa Arc along the line of sight is not trivial given the data in hand. The large angular size suggests its proximity. The presence of three well-known interstellar clouds that lie -in projection -within the UMa Circle may be also indicative: the UMa molecular intermediate-velocity cloud (IVC), the Spider cloud, and the Draco molecular IVC, with distances of 356±20 pc, 369±22 pc, and 481±50 pc, respectively (Zucker et al. 2019) . If the Draco cloud were physically inside the UMa Arc, it would imply that the center of this structure is more than 350 pc above the Galactic midplane with a radius larger than 200 pc. Given all these caveats and the large angular size of the structure, the UMa Arc cannot be further than a few hundred pc from the Sun.
The ultraviolet emission of the UMa Arc
In the following, we examine the source of the UV emission from the UMa Arc. Analyses of high latitude diffuse ultraviolet emission using both FIMS/SPEAR (on the STSAT-1 korean satellite) and GALEX have shown that FUV emission is generally highly correlated with 100 µm dust emission -due to dust scattering -and somewhat correlated with Hα intensity (Seon et al. 2011) . Figure 3 shows the same section of Feature A in FUV (top panel) and in dust optical depth (bottom panel) as traced by the Planck observations at 850 µm. While areas of enhanced dust emission, S.1 and S.2, in the Planck image are associated with an increase in FUV brightness, presumably due to dust scattering, the UMa Arc features, A.1 and A.2, are clearly not associated with dust emission. This is also confirmed by the average FUV/NUV ratio that we computed along the A.2 portion of the Arc. As detailed in Appendix A, we measured the ratio using perpendicular profiles to the FUV and NUV filaments in the GALEX maps and averaging them along their full length. We found a ratio of 0.31 ± 0.05, which is significantly smaller than the values expected for dust scattering, mostly larger than unity (Murthy et al. 2010) . If not associated with dust scattering, other sources of diffuse FUV emission must be considered including the two-photon continuum emission from hydrogen, ion-atomic emission lines, e.g., C IV λ 154.8/155.1 nm, He II λ 164.0 nm, and O III] λ 166.2 nm, and fluorescent molecular hydrogen emission lines.
Is the UMa Arc a shock front?
Ion lines are proxies of hot gas (with temperatures > 10 4 K) likely produced in the cooling zone of interstellar shocks with velocities larger than 50 km/s (Nishikida et al. 2006) . Recombination of the post-shock gas would produce as well two-photon emission contributing to the UV continuum. Radiative shocks are expected to be a key source of dissipation of kinetic energy driven by supernova blast waves in the ISM, making supernova remnants (SNRs) the most favorable scenario for the formation of structures such as the UMa Arc.
To test this idea we inspected GALEX FUV images of four large angular-diameter (Θ R > 10
• ) old SNRs: the Monogem Ring (Plucinsky et al. 1996) , Antlia SNR (McCullough et al. 2002) , G70.0-21.5 (Fesen et al. 2015) and G353-34 (Testori et al. 2008 ). The first two objects have been the targets of low angular resolution FUV spectroscopy with FIMS/SPEAR (Shinn et al. 2007 ). All four objects show networks of thin FUV filaments reminiscent of the UMa Arc, but over a smaller solid angle of the sky; two of these, Antlia SNR and G070.0-21.5, have also been shown to have similar Hα filaments. In Fig. C.3 we show the case of G070.0-21.5 in Hα, FUV, and dust emission.
The geometry of the arclets, the emission in the GALEX NUV and FUV channels, and the concomitant Hα are all consistent with the hypothesis that the UMa Arc is a shock, or pressure front, created by an explosion, yet unknown, towards (l, b) = (107
• .7,60
• .0). The thinness and multiplicity of the structures could be produced by the edge-on projection of corrugated sheets in the front and post-shock recombination zones, similar to what is seen in the Cygnus Loop SNR (Hummer & Storey 1987; Raymond et al. 1988) . If this hypothesis was true then the UMa Arc could be associated to a corrugated edge on sheet of the Loop III SNR (see Fig. 2 ).
With the caveat that the radius of curvature of an individual arc is not always the same as the radius of curvature of the full remnant, we can compare the UMa Arc to expectations of a simple model of blast wave evolution for a SNR (Draine 2011) . Under the assumption that the UMa Arc is a section of a front centered on a point d 100 = d/(100pc) from the Sun and using a standard explosion energy of E SN = 10 51 ergs, the remnant will still be in the adiabatic phase -with shock speed greater than 190 km/s -if the ambient density is n H,0 < (0.17cm
100 . Alternately, for an assumed ambient density of n H,0 = 1 cm −3 , the remnant would have transitioned to a pressure-modified momentum-conserving snowplow 1 phase with an age of t snow = (0.7 Myr)d 3.5 100 and a front speed that is approaching the random ISM velocity.
Assuming that the ambient density was sufficiently high to trace a radiative front, we computed a series of shock models from publicly available libraries (Sutherland & Dopita 2017) with shock velocities between 50 km/s and 400 km/s, pre-shock interstellar magnetic-field strengths between 1 µG and 10 µG, and mean diffuse gas density in the pre-shock medium of 0.1 cm −3 . These models allow us to predict the level of emissionboth lines and continuum -within the GALEX bandpasses at the shock front that we can compare to the observed FUV/NUV ratio.
As shown in the top row of Fig. 4 , we identified two possible domains that reproduce the observations delimited by the 1-σ contour of the measured FUV/NUV ratio. Shocks at intermediate velocities (between 50 km/s and 100 km/s) and at high velocity (> 300 km/s) are both consistent with the measured value of 0.31 ± 0.05. These two regimes, however, show opposite line-to-continuum ratios, that is, only at intermediate velocities (<100 km/s) the two-photon continuum emission dominates over the ion-line contribution. The level of two-photon emission predicted by these models is also consistent with the analytical derivation of the FUV/NUV count ratio of 0.37 that can be found in Appendix B. This intermediate velocity range is favored as well by the predicted Hα surface brightness (see the top-right panel in Fig. 4 ) that compares well with the value of 0.5 R measured in 1997 (McCullough & Benjamin 2001) . Nonetheless, notice that our models do not take into account limb-brightening projection factors that alter the estimate of the Hα surface brightness (Hummer & Storey 1987) . Additional constraints are therefore needed and may come from future spectral observations of ion lines (i.e. O III], SII, and NII) toward the UMa Arc, which, as predicted by our models and presented in the bottom row of Fig. 4 , will reveal opposite line ratios relative to Hα in the two velocity regimes.
Conclusions
In this letter we reported the stunning discovery of the UMa Arc, or one of the largest and diffuse structures of the Northern sky, yet unknown until now. We discussed the possibility that the UMa Arc is the relic of a radiative shock in the neighborhood of the Sun (< few hundred pc). Future work will be crucial to better constrain the physical parameters of the UMa Arc, as well as its distance, both for understanding our local astrophysical environment and for properly describing the structure of the Galactic ISM as a foreground for extra-galactic and cosmological studies. It will be necessary to (1) measure the Hα radial velocity along the length of the Arc, (2) to constrain the proper motion of the MB filament since the original 1997 observations, and (3) search for associated interstellar absorption lines to bracket the distance to the structure. Finally, future observational data, including optical/UV emission line spectra to obtain shock parameters, will put additional constraints on the presumed front. emission Below we calculate the expected GALEX countrate for twophoton emission, which is expected to produce a fixed ratio of FUV to NUV emission (Spitzer & Greenstein 1951) . For two-photon emission, the Case B emissivity per unit frequency (ergs s −1 cm −2 sr −1 Hz −1 ) is given by (Draine 2011 )
where n e , n p are the electron and proton densities, α (2s)B e f f (T ) is the total recombination to the hydrogen 2s level, where we use the data for Case B recombination (Hummer & Storey 1987) , and [hνP 2s ν ] is the energy emitted per frequency interval for the two-phton continuum. The recombination rate to the 2s level is one-third of the total recombination rate, where we use a fit to the temperature dependence (Draine 2011) : α 4 K. We use an analytical fit to the spectral shape of the two photon continuum (Nussbaumer & Schmutz 1984) : hνP 2s ν = hyA(y)/A 2s→1s , where y = (ν/ν Ly α ) is the frequency scaled by the Lyman α frequency, A 2s→1s = 8.2249 s −1 is the Einstein A value for the two-photon decay, and Taken together, for a constant density path length, L, with an emission measure of EM = n e n p L, the two-photon continuum intensity per frequency interval, I . Expessed in Rayleighs (R), the Hα intensity is I Hα,B (T, EM) = (0.36 R) f Hα (T ) [EM/cm −6 pc]. For T = 8000 K, this yields the oft-used conversion that 1R corresponds to EM = 2.25 cm −6 pc. In wavelength units, λ Å = λ/(1Å), where y = 1215/λ Å , the two-photon continuum intensity is given by
To calculate the bandpass weighted continuum intensities, I band = T band (λ)I 2s,B λ dλ / T band (λ)dλ we use the intensity formula above together with the effective area curves, T band (λ), from http://www.galex.caltech.edu/ researcher/effective_area/. For an emission measure of EM = 1 cm −6 pc at T = 8000 K, this yields I band = 3.6 and 1.4 × 10 −10 ergs s −1 cm −2 Å −1 sr −1 for the FUV and NUV channels, respectively. Using the standard GALEX conversion (Hamden et al. 2013) 
Appendix C: Supporting figures
In this appendix we show a series of figures to support the main body of the paper. For comparison with the UMa Arc, Fig. C .3 presents the SNR G070.0-21.5 introduced in Sect. 4. It shows the SNR in Hα from the MDW survey, in FUV from GALEX, and in dust optical depth from Planck. As for the UMa Arc, an intertwined network of filaments can be seen in Hα and FUV without any counterpart in dust emission. This supports the interpretation of the ultraviolet emission from the UMa Arc as the product of a process different than dust scattering in the diffuse ISM. Article number, page 7 of 8 A&A proofs: manuscript no. aanda 
